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ABSTRACT
The popular view that BHs (BH) are dark objects, a sink of energy rather than an energy source, arises from three assumptions,
that they are (i) in vacuum, (ii) in an asymptotically flat space-time, and (iii) stationary. As a result, despite theoretical efforts, the
search for an efficient mechanism to extract the energy from a BH, able to power the most energetic astrophysical sources, gamma-
ray bursts (GRBs) and active galactic nuclei (AGNs), has been unsuccessful for decades. Here we show that an extremely efficient
electrodynamical process of BH energy extraction occurs in the “inner engine”, violating the assumptions (i)–(iii), composed of a
rotating BH in a background of very low density ionized plasma and a test, ordered magnetic field, aligned and parallel with the
rotation axis. It operates in a sequence of “quantized” steps, each emitting a “blackholic quantum”, initially of energy 1037 erg, over
a timescale of 10−14 s, leading to GeV and TeV photons with luminosities of 1051 erg s−1. Every event takes away only 10−16 of
the extractable energy of the BH, allowing the “inner engine” to operate for thousands of years or more. The blackholic quantum
of energy, with such a characteristic short timescale, is emitted in the entire Universe in view of the ubiquitous and homogeneous
cosmological presence of GRBs. This suggests the intriguing possibility that, rather than representing the end of life, BHs may have
a relevant role in the evolution of life in our Universe.
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1. Introduction
Traditionally, a rotating black hole (BH) has been described by
the Kerr metric assumed to be (i) in vacuum, (ii) in an asymp-
totically flat space-time, and (iii) stationary (DeWitt & DeWitt
1973). Under these conditions, it is not surprising that BHs have
been thought for long time as dark objects, a sink of energy
rather than an energy source. It has been sought for many years
a sufficiently efficient process able to extract the energy from a
BH to power the most energetic astrophysical sources, gamma-
ray bursts (GRBs) and active galactic nuclei (AGNs). As we will
show here, the recent discovery of the birth of a BH in GRB
190114C (Ruffini et al. 2019a), demonstrates that a BH harbored
in its “inner engine” of these sources, contrary to what previ-
ously thought, is an enormous source of energy (Ruffini et al.
2019a; Rueda & Ruffini 2019; Ruffini et al. 2018b,a).
None of conditions (i)–(iii) can apply in this “inner engine”.
The Kerr BH is there not isolated, but it is utilized in a dif-
ferent context: as a component of the “inner engine”, in con-
junction to the presence of a background ionized plasma and a
test, ordered magnetic field, assumed aligned with the rotation
axis. These features clearly violate the assumptions of a vac-
uum solution, of asymptotic flatness, and more important, the
“inner engine” is necessarily non-stationary. The operation pro-
cedure of the “inner engine” leads the mass and spin of the BH
to be, instead of constant, decreasing functions of time, keep-
ing constant the BH irreducible mass (Mirr). The electrons ac-
celerate to ultrahigh energies at expenses of the BH extractable
energy, Eextr ≡ (M − Mirr)c2, obtainable from the BH mass-
energy formula (Christodoulou 1970; Christodoulou & Ruffini
1971; Hawking 1971)
M2 =
c2J2
4G2M2irr
+ M2irr, (1)
where J, M, are respectively the angular momentum and the
mass of the BH.
This “inner engine” naturally forms in the binary-driven hy-
pernova (BdHN) scenario of GRBs (Rueda & Ruffini 2012;
Fryer et al. 2014; Becerra et al. 2016). The BdHN progenitor is
a binary system composed of a carbon-oxygen star that forms a
tight binary system with a neutron star companion. The evolved
star undergoes core-collapse, forming a newborn neutron star at
its center, and expelling its outer layers in form of an supernova-
hypernova (SN-HN) explosion. The HN ejecta produces a hy-
percritical accretion process onto the neutron star companion,
bringing it to the critical mass point for gravitational collapse,
hence forming a rotating BH. We have called these systems in
which there is BH formation, BdHNe of type I, and they are
characterized by very compact binaries with orbital periods of
the order of 5 min. Three-dimensional numerical simulations of
the entire above process have been recently presented (Becerra
et al. 2019). The newborn BH is embedded in the magnetic field
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inherited from the neutron star (Rueda et al. 2019), and sits at the
center of a “cavity” of very low density: for GRB 190114C such
density has been estimated to be of the order of 10−14 g cm−3, the
cavity has been carved during the accretion and subsequent grav-
itational collapse of the neutron star that led to the BH (Ruffini
et al. 2019b).
2. The “Blackholic Quantum”
Following the considerations presented in Ruffini et al. (2015)
and Ruffini et al. (2018a) corresponding to GRB 130427A, we
turn to a quantitative estimate of the “inner engine”, via a solu-
tion of the Einstein-Maxwell equations of a Kerr BH embedded
in a test, asymptotically aligned uniform magnetic field (Papa-
petrou 1966; Wald 1974). The BH rotation with the magnetic
field aligned induce an electric field that, for a parallel magnetic
field, is inwardly directed and given by Erˆ ≈ −2B0JG/(c3r2+) ≈−αB0/2, where α = c a/(GM) = cJ/(GM2) and r+ = GM/c2(1+√
1 − α2) are the dimensionless BH spin and horizon radius. The
field reverses sign at θ± ≈ 54.74◦–59.76◦ for α = 0.01–0.99. In
the region from the polar axis θ = 0 up to θ = θ±, the electrons
are accelerated away from the BH, while for larger angles they
are pulled into the hole.
The “inner engine” evolves in a sequence of “elementary
processes”, each emitting a precise, “quantized” amount of en-
ergy. In fact, the total electrostatic energy of the “inner engine”
and the potential energy difference from the horizon to infinity
along the rotation axis can be expressed in the quantized form
(Rueda & Ruffini 2019):
E = 1
2
E2rˆ r
3
+ = ~Ωeff , (2)
∆Φ =
1
c
e a B0 = ~ωeff , (3)
where
Ωeff ≡ 4
(
mPl
mn
)8  B20
ρPl
αΩ+, (4)
ωeff ≡ 4Gc4
(
mPl
mn
)4
e B0 Ω+, (5)
with Ω+ = c2∂M/∂J = cα/(2 r+) the BH angular velocity, mn
the neutron mass, and ρPl ≡ mPlc2/λ3Pl, λPl = ~/(mPlc) and mPl =√
~c/G are, respectively, the Planck energy-density, length, and
mass.
For the sake of example, by choosing B0 = 1011 G, M = 3M
and α = 0.5, the “blackholic quantum” of energy is E ≈ 3.39 ×
1037 erg, and the maximum energy that an accelerated electron
can gain is e = ∆Φ ≈ 2.72 × 1018 eV.
3. Polar axis emission: ultrahigh-energy cosmic
rays
Along the polar axis, θ = 0, there are no radiation losses; so
the electrons accelerate outward gaining the total electric po-
tential energy, ∆Φ ∼ 1018 eV. Therefore, the maximum num-
ber of electrons that the “inner engine” can accelerate along the
axis are Npole = E/∆Φ = Ωeff/ωeff ∼ 1031. These ultrarel-
ativistic electrons contribute to leptonic, ultrahigh-energy cos-
mic rays. The timescale of the polar axis emission is τpole =
∆Φ/(eErˆc) ≈ r+/c = α/(2Ω+) ≈ 10−5 s. This implies that the
machine can accelerate at a rate ˙Npole ∼ 1036 s−1, for a total
power ˙Epole = ˙Npole∆Φ ∼ 1054 eV s−1 ≈ 1042 erg s−1.
4. Off-axis emission: synchrotron radiation
For the present electric field, and assuming the radial motion, the
dynamics of the electrons in the electromagnetic field, for γ  1,
is determined from (de Jager et al. 1996; Ruffini et al. 2018a)
mec2
dγ
dt
= e
1
2
αB0 c − 23e
4 B
2
0 sin
2 〈θ〉
m2ec3
γ2, (6)
where e is the elementary charge, γ is the electron Lorentz fac-
tor, 〈θ〉 is the injection angle between the direction of electron
motion and the magnetic field (the pitch angle), and me is the
electron mass. This equation is integrated assuming they are in-
jected near the horizon, for selected value of the injection angle
〈θ〉, with an initial Lorentz factor γ = 1 at t = 0. The Lorentz
factor increases linearly with time up to an asymptotic, maxi-
mum value. This value is set by the balance between the energy
gain, by acceleration in the electric field, and energy loss, by
synchrotron radiation (Ruffini et al. 2018a):
γmax =
1
2
[
3
e2/(~c)
α
β sin2 〈θ〉
]1/2
. (7)
This defines the maximum electron energy e = γmaxmec2. The
synchrotron cooling timescale t = tc in which the electron radi-
ates its energy by synchrotron radiation is (Ruffini et al. 2018a):
tc =
~
mec2
3
sin 〈θ〉
(
e2
~c
α β3
)−1/2
, (8)
where β = B0/Bc with Bc = m2ec
2/(e~) ≈ 4.41 × 1013 G. The
photon energy at the synchrotron spectrum peak is (Ruffini et al.
2018a):
γ =
3e~
2me c
B0 sin 〈θ〉 γ2max =
9
8
mec2
e2/~c
α
sin 〈θ〉
≈ 78.76
sin 〈θ〉α MeV. (9)
The above parameters, α = 0.5 and B0 = 1011 G, imply that
photons of energy 0.1 GeV (the lower edge of the Fermi-LAT
energy band) are emitted at angles θ ≈ 23.19◦ ≈ pi/8 by electrons
of energy e = 1.95 × 108 eV, radiating in a timescale of tc =
1.51 × 10−15 s.
5. Duration of the “inner engine” activity
At the end of every elementary process, all the energy of the
quantum has been emitted. The “inner engine” restarts its op-
eration with the same magnetic field of B0 but with a new
slightly smaller angular momentum J = J0 − ∆J, being ∆J
the angular momentum, extracted by the quantum. From the
BH mass-formula (1), keeping the irreducible mass constant, i.e.
∆Mirr = 0, and ∆Mc2 = E, one obtains a change in the BH
angular momentum in each event:
∆J =
Jeff
J
~, Jeff ≡ M
(
2GMirr
c2
)2
Ωeff . (10)
For the fiducial parameters, we have J ≈ 3.96 × 1049 g cm2 s−1,
Mirr ≈ 2.9 M, and ∆J ≈ 1.0 × 1033 g cm2 s−1, so a fractional
change ∆J/J ≈ 10−16, implying that the activity can last for
thousands of years or more, providing there is ionized plasma
to feed the “inner engine”.
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6. Inference of the BH mass, spin, and surrounding
magnetic field
We require three physical and astrophysical conditions to obtain
the three “inner engine” parameters: the BH mass and spin, M
and α, and the strength of the magnetic field surrounding the BH,
B0. Following Ruffini et al. (2018a), where it has been shown that
the use of solely the GeV emission data, after the ultrarelativis-
tic prompt emission (UPE) phase (see Ruffini et al. 2019a), is
enough to determine the “inner engine” parameters. In particu-
lar, as we are going to show, this procedure serves to obtain a
lower limit to the mass and spin of the BH. The most important
point is that we obtain the value of the irreducible mass of the
BH that is kept constant through the energy extraction process.
This allows to determine the evolution in time of the mass and
spin of the BH.
6.1. Condition 1
First, we require that the rotational energy of the BH provides
the energy budget for the observed GeV emission energetics; i.e.
Eextr ≥ EGeV, which via Eq. (1) gives M in terms of EGeV and α:
M ≥
1 −
√
1 +
√
1 − α2
2

−1
EGeV
c2
. (11)
6.2. Condition 2
We require that the GeV photons must be transparent to the mag-
netic e+e− pair creation process. The attenuation coefficient for
this process is (see Daugherty & Harding 1983 and section 5 in
Ruffini et al. 2018a)
R¯ ∼ 0.23 e
2
~c
(
~
mec2
)−1
β sin 〈θ〉 exp
(
−4/3
χ
)
, (12)
where χ = β sin 〈θ〉 γ/(2mec2) (Daugherty & Harding 1983).
Substituting Eq. (9) into Eq. (12), R¯ becomes a function of γ and
the product αβ. For given γ and α, the lower the magnetic field
the larger the mean free path, R¯−1, as expected. When χ  1, the
exponential term dominates, hence R¯−1 exponentially increases
tending to become infinite. A direct order of magnitude estimate
on the magnetic field value can be obtained by requiring χ  1:
β  16
9
e2
~c
≈ 1.298 × 10
−2
α
, or B0  5.728 × 10
11
α
G, (13)
which is independent on the photon peak energy. It is remark-
able that already this constraint restricts the magnetic field to
be undercritical (β < 1), and as we shall see, it is sufficient
for explaining the GeV emission after the UPE phase. The
constraint (13) is analogous to impose a lower limit to R¯−1.
For instance, adopting a photon energy of 0.1 GeV, it can be
checked that for α β = 1.298 × 10−2, the mean free path is
R¯−1 = 1.17 × 105 cm. Lower values of α β lead to much larger
values of R¯−1. It is very interesting that this value is compara-
ble to GM/c2 ≈ 1.477 × 105 cm. Therefore, requesting a value
of α β lower than the above-mentioned one, implies to have a
mean free path much larger than the BH horizon. Namely, the
high-energy photons are produced in the vicinity of the BH, but
they can freely escape from the system. If we adopt as a fiducial
value, that 0.1 GeV photons have a sufficiently large mean free
path, e.g. R¯−1 ≥ 1016 cm, we obtain (Ruffini et al. 2018a):
β ≤ 3.737 × 10
−4
α
, or B0 ≤ 1.649 × 10
10
α
G. (14)
That we are in the exponentially increasing part of the mean free
path is evident by the fact that, by requesting a mean free path
which is eleven orders of magnitude larger than the one implied
by (13), our upper limit to the magnetic field is decreased less
than one order of magnitude. This implies that, indeed, the mag-
netic field which is viable for the“inner engine”, is well con-
strained to have a value, roughly speaking, in the range 1010–
1011 G.
6.3. Condition 3
The third, i.e. the closure equation, is obtained by requesting that
the timescale of the synchrotron radiation, the cooling time (8),
be equal to the observed GeV emission timescale (Ruffini et al.
2018a):
τob,1 =
E1
LGeV,1
, (15)
where E is the electrostatic energy available for the process,
i.e. Eq. (3), and the subscript ‘1’ refers to quantities evaluated
at the beginning of the transparency of the GeV emission, what
we refer to as the first elementary impulsive event. Therefore,
the third equation of the system is:
tc(〈θ〉 , α, β) = τob,1(µ, α, β, LGeV,1). (16)
Therefore, we obtain the three “inner engine” parameters
from the system (11), (14), and (16), as follows:
1) we adopt the equality in Eq. (11), which implies that we
are going to obtain a lower limit to the BH and spin.
2) we replace it into the equality of Eq. (14), which implies
we are adopting the upper limit to the magnetic field strength
(for given α).
3) we obtain the following expression for β as a function of
the observables EGeV and LGeV, and α (Ruffini et al. 2018a):
β = β(γ, EGeV, LGeV,1, α)
=
1
α
649
√
3
e2
~c
γ
B2cr+(µ, α)3
LGeV,1
eBcc2
2/7 , (17)
where we have substituted Eq. (9) into Eq. (8) to express tc as a
function of the peak photon energy γ, instead of the pitch angle.
The BH horizon r+ is a function of µ and α but, in view of
Eq. (11), it becomes a function of EGeV and α. Given the obser-
vational quantities EGeV (integrated after the UPE phase) and the
luminosity LGeV,1 (at the end of the UPE phase), Eq. (17) gives
a family of solutions of β as a function of α. The solution of this
equation together with Eq. (14) gives the values of β and α. With
the knowledge of α and EGeV, we obtain µ from Eq. (11).
7. Application to GRB 190114C
We now turn to apply the above procedure to GRB 190114C.
For the observational properties of this source, we follow the re-
sults of Ruffini et al. (2019a). The UPE phase has been there
shown to end at the rest-frame time trf,UPE = 3.99 s, so we
limit our analysis to longer times. The 0.1–100 GeV luminos-
ity observed by Fermi-LAT, at t ≥ trf,UPE, is well fitted by a
power-law function (similar to GRB 130427A, see Ruffini et al.
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Fig. 1. Parameters of the “inner engine” of GRB 190114C. For this
source, we have LGeV,1 = 1.47× 1052 erg s−1 and EGeV = 1.8× 1053 erg.
Upper panel: family of solutions of B0 as a function of α (blue curve),
given by Eq. (17). We have here chosen a photon energy γ = 0.1 GeV
(lower edge of the Fermi-LAT energy band). In the gray shaded region
the mean free path is R¯−1 < 1016 cm, while, in the white one, R¯−1 ≥
1016 cm. The curve separating the two regions is, therefore, given by
the equality in (14). Lower panel: corresponding family of solutions
M(α) (red curve), given by Eq. (11).
2018a), with decay index, n = 1.2 ± 0.04, and amplitude A =
(7.75 ± 0.44) × 1052 erg s−1. The associated integrated isotropic
energy observed by Fermi-LAT is EGeV = (1.8± 1.3)× 1053 erg,
and the luminosity, at t = trf,UPE, is LGeV,1 = 1.47 × 1052 erg s−1
(see Ruffini et al. 2019a).
For the above numbers, the “inner engine” parameters are
(see Fig. 1): magnetic field B0 ≈ 3.9 × 1010 G, spin and BH
mass, respectively, α ≈ 0.41 and M = 4.45 M. The correspond-
ing BH irreducible mass is Mirr = 4.35 M. For the above spin
value, Eq. (9) leads to a pitch angle for the emission of 0.1 GeV
photons, θ ≈ pi/9.
8. Conclusions
The “inner engine” here presented represents an authentic, full
shift of paradigm from the traditional, inefficient, gravitational
accretion oh high-density matter onto BHs. It seems too expen-
sive for nature to accelerate matter in bulk, against the gravita-
tional pull of the BH, to bring it to a large distance where it can
become transparent to high-energy photons. The “inner engine”,
instead, uses a much more efficient process of electrodynamical
accretion that produces observable high-energy emission in the
vicinity of the BH.
We have determined the parameters of the “inner engine”
of GRB 190114C, using only the GeV emission data after the
UPE phase. We asked the system to satisfy three physical con-
ditions: 1) the GeV energetics is paid by the extractable energy
of the BH, Eq. (11); 2) the system is transparent to GeV pho-
tons produced by the synchrotron radiation of the accelerated
electrons, Eq. (14); 3) the synchrotron radiation timescale ex-
plains the observed emission timescale, Eq. (16). From this pro-
cedure, we have obtained the following “inner engine” param-
eters: B0 ≈ 3.9 × 1010 G, α ≈ 0.41, and M = 4.45 M. The
corresponding irreducible mass of the BH is Mirr = 4.35 M,
which is kept constant during the BH energy extraction process.
Since we have here used only the GeV emission data, the BH
parameters that we have obtained, namely mass and spin, have to
be considered as lower limits. Then, it is clear that even a small
additional amount of mass (or spin) of the BH, can guarantee an
“inner engine” emission in additional energy bands (e.g. higher
energies as the TeV), as well as a longer duration of the emission.
Our analysis paves the way to additional research: the data
from the different energy bands, in particular the higher energy
ones (e.g. in the TeV energy domain soon to appear), will pro-
vide precious information on the energy distribution of the elec-
trons injected by the electric field into the magnetic field, as
well as on the pitch angle distribution for the synchrotron emis-
sion. Figure 2 shows, for the electromagnetic field configuration
adopted here, the contours of constant pitch angle and constant
electric energy density. It can be clearly seen how the pitch an-
gles focus toward the BH rotation axis. It is also worth mention-
ing that, being an ordered magnetic field, the synchrotron emis-
sion is expected to be linearly polarized. The consequences of
the above effects, even for this simplified geometry, need to be
still scrutinized in detail and will be the subject of forthcoming
publications.
The consequences of the “inner engine” to the case of BHs
of a much larger mass, harbored in AGNs, deserves to be also
further explored (see, e.g., the case of M87 in Rueda & Ruffini
2019).
Finally, we would like to remark that, the emission of the
blackholic quantum of energy, 1037 erg, with a timescale of
10−14 s, occurs in the entire Universe in view of the cosmologi-
cal homogeneous presence of GRBs. This suggests the intriguing
possibility that, rather than representing the end of life, BHs and
their linearly polarized “blackholic quanta”, may have a relevant
role in the creation of the DNA and of evolution of life in our
Universe (see, e.g., Chen & Ruffini 2015).
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